Many bacteria have toxin-antitoxin (TA) systems, where toxin gene expression inhibits their own cell growth. mRNA is one of the well-known targets of the toxins in the type II toxin-antitoxin systems. Here, we examined the ribosome dependency of the endoribonuclease activity of YhaV, one of the toxins in type II TA systems, on mRNA in vitro and in vivo. A polysome profiling assay revealed that YhaV is bound to the 70S ribosomes and 50S ribosomal subunits. Moreover, we found that while YhaV cleaves ompF and lpp mRNAs in a translation-dependent manner, they did not cleave the 5 0 untranslated region in primer extension experiments. From these results, we conclude that YhaV is a ribosome-dependent toxin that cleaves mRNA in a translation-dependent manner.
and are readily degraded under stress conditions, allowing toxins to show their toxic effect [2] . Toxins that cleave mRNA in the TA systems are called mRNA interferases [3] . mRNA interferases are classified into two types based on the ribosome dependency of their endoribonuclease activity [2] . MazF homologs are well-known ribosome-independent toxins and are sequence-specific endoribonucleases that cleave mRNA in the absence of ribosomes. Among MazF homologs, Escherichia coli MazF-ec and Bacillus subtilis MazF-bs cleave mRNA at A^CA and U^ACAU, respectively (î ndicates the cleavage site) [4, 5] .
To date, five ribosome-dependent mRNA interferases have been reported in TA systems, RelE [6] [7] [8] , YoeB [9] [10] [11] , YafO [12] , YafQ [13] , and HigB [7, [14] [15] [16] [17] . In E. coli, RelE cleaves mRNA at UA^G, UA^A, and CA^G in the ribosomal A site by binding to the 16S subunit, and has no endoribonuclease activity without ribosomes [6, 18] . Escherichia coli YoeB cleaves mRNA in the ribosomal A site and cleaves mRNAs right after the initiation codon in in vivo and in vitro primer extension experiments [9] . Previously, YoeB was known to bind to the 50S ribosomal subunit in the polysome profiling assay [9] , and the structural analysis of the YoeB-70S ribosome complex by X-ray crystallography has shown that YeoB binds to both ribosomal subunits [19] . In E. coli, YafO cleaves cellular mRNA at 11-13 bases downstream of the translation initiation site. YafO binds to the 50S ribosomal subunit, and when it was overexpressed in E. coli, the 70S ribosome peak was increased in a ribosome profiling experiment in the presence of 10 mM Mg 2+ [12] . Escherichia coli YafQ toxin inhibits translation by the cleavage of cellular mRNA at AA^A(G/A) near the 5 0 end. It is a ribosome-dependent mRNA interferase due to its association with the 50S ribosome subunit and its activity is suppressed by its cognate antitoxin, DinJ [13] . A HigB homolog encoded in the Proteus vulgaris Rts1 plasmid associates with the 50S ribosomal subunit in polysome profiling assay and it cleaves mRNA at AAA sequences and other cleavage sites regardless of the frame [16] . In contrast, according to the crystal structure, HigB also binds to the 30S ribosomal subunit [20] .
Previously, YhaV was characterized as a ribosomeindependent mRNA interferase having some homology with the ribosome-dependent YoeB and RelE families and forming a stable complex with its cognate antitoxin PrlF [21] . In this study, we found that the ribosome is required for the endoribonuclease activity of YhaV when we evaluated the activity of purified YhaV to determine cleavage site specificity. Therefore, we re-examine whether YhaV is ribosome-dependent or independent and also study the cleavage specificity of YhaV in E. coli.
Materials and methods

Bacterial strains and plasmids
Escherichia coli DH5a DprlF-yhaV, BL21 (DE3) DprlF-yhaV, BW25113 (lacI q rrnB T14 DlacZ WJ16 hsdR514 DaraBAD AH33 DrhaBAD LD78 ), and BW25113 DprlF-yhaV were generated [22] . The prlF and yhaV genes in the prlF-yhaV operon were separately amplified by PCR using E. coli BW25113 genomic DNA as a template with primers prlF-F and YhaV-R, prlF-F and prlF-R, or yhaV-F and yhaV-R (Table 1) , and cloned into pBAD24. The prlF and yhaV genes were also separately cloned into pET28 (Novagen) to express the PrlF and YhaV complex; the primer pairs, prlF-F and prlF-R, and prlF-F and yhaV-R were used, respectively. For YhaV protein expression, the yhaV gene was cloned into the pColdIII vector (TaKaRa Bio) with the primers prlF-F and yhaV-H6-R; the latter corresponded to the C terminus of YhaV and encoded a six-histidine tag. All primers used in this study are listed in Table 1 .
mRNA interferase activity of YhaV and MazF-bs in vitro
Incubated of 0.5 lM of YhaV or MazF-bs with 0.8 lgÁlL
À1
MS2 phage RNA (Roche Applied Science, Penzberg, Germany) was carried out with or without 6.66 lg of E. coli 70S ribosome (New England Biolabs, Ipswich, MA, USA) in 20 mM Tris-HCl (pH 8.0). RNA inhibitor (0.5 lL) (Roche Applied Science) and 5 lL of DEPC water were also added in the mixture. To evaluate the possibility that RNA is degraded by ribosome contamination, 0.8 lgÁlL À1 MS2
phage RNA (Roche Applied Science) was also incubated with 6.66 lg E. coli 70S ribosome (New England Biolabs) in the same buffer condition. The samples were incubated for time intervals indicated in Fig. 1A at 37°C. The reactions were stopped by adding RNA loading dye (95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 0.5 mM EDTA), incubated for 3 min at 70°C, and electrophoresed on a 1.5% agarose gel.
Polysome profiling assay pBAD24-yhaV was transformed into E. coli BW25113 DprlF-yhaV. When the OD 600 value of the culture reached 0.6, arabinose was added to a final concentration of 0.2%. Aliquots of the cell cultures (50 mL) were taken at indicated time intervals (Fig. 2A ). Cells were harvested by centrifugation at 4,392 g for 20 min at 4°C and were resuspended in 1 mL polysome profiling buffer (20 mM Tris-HCl, pH 7.5, 100 mM NH 4 Cl, 5 mM b-mercaptoethanol, 0.1 mg lysozyme) with 0.5, 1.0, or 10 mM MgCl 2 , and cell extracts were prepared by a three time repetition of freezing and thawing in liquid nitrogen, followed by centrifugation at 25 634 g for 20 min at 4°C. The lysate (OD 260 = 10) was layered onto a 5-40% sucrose gradient in ribosome profiling buffer with 0.5, 1.0, or 10 mM MgCl 2 , and centrifuged at 170 000 g for 2.5 h at 4°C using a Beckman SW41 rotor. Gradients were analyzed by continuous monitoring at 254 nm [23] . Western blot analysis was carried out to confirm the interaction between ribosomes and YhaV in each fraction using anti-YhaV polyclonal antibody.
Effect of YhaV on protein synthesis in prokaryotic and eukaryotic cell-free systems which expresses the b-lactamase gene. Subsequently, the reaction mixtures were incubated for 1.5 h at 30°C, precipitated with cold acetone for 10 min at 4°C, centrifuged at 13 475 g for 10 min, and the pellets were analyzed by SDS/ PAGE followed by autoradiography.
RNA isolation and Northern blot analysis
Escherichia coli BW25113 DprlF-yhaV cells harboring pBAD24-YhaV or pBAD24-PrlF-YhaV were cultured in M9 medium with 0.2% glycerol at 37°C. When the OD 600 value of the culture reached 0.4, the expression of YhaV was induced by adding arabinose to a final concentration of 0.2%. Aliquots of the cell cultures were taken at indicated time intervals. Total RNA was extracted by using Trizol (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's protocol. Northern blot analysis Table 1 . Primers used in this study.
Primer Sequence was carried out as previously described with a modification of probes that were labeled with biotin-14-dCTP [24] . All probes used in this study are shown in Table 1 .
In vivo primer extension analysis
Total RNA was extracted from E. coli BW25113 cells carrying pBAD-yhaV at different time points after YhaV induction as indicated in Fig. 4 . Primer extension was carried out at 47°C for 1 h with 10 units of avian myeloblastosis virus reverse transcriptase (Roche Applied Science), 15 lg of total RNA, and 1 pmol each primer (see Table 1 ) labeled with [c-32 P]ATP by using T4 polynucleotide kinase (TaKaRa Bio). The reaction was stopped by adding 12 lL of sequencing loading buffer (95% formaldehyde, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol), heated at 95°C for 2 min, and placed on ice. The products were analyzed on a 6% polyacrylamide gel containing 8 M urea with a sequence ladder made with the same primer.
Results
YhaV does not have endoribonuclease activity without ribosomes
YhaV was purified from the PrlF-YhaV complex by solid-phase refolding (Fig. S1A ) [25] . To confirm the folding of purified YhaV and PrlF, their secondary The products from each cell-free system reaction were analyzed by SDS/PAGE followed by autoradiography. Lane 1, no YhaV-His 6 ; lanes 2-5, 50, 100, 500, or 1000 nM YhaV-His added, respectively; lanes 6-9, 500 nM YhaV-His added to His 6 -PrlF at a ratio 250, 500, 750, or 1000 nM (B, C). PrlF-YhaV 23S rRNA 16S rRNA Fig. 3 . Effect of YhaV on cellular mRNA stability. Northern blot assay was performed to identify the effect of YhaV on cellular mRNA stability. Total RNA was extracted from Escherichia coli BW25113 DprlF-yhaV cells harboring pBAD24-YhaV, and Northern blot assay was carried out with labeled ompA, ompF, or lpp.
structures were analyzed using far-UV circular dichroism (CD) spectrometry. The CD spectrum of YhaV exhibited obvious double minima at 208 and 222 nm, indicating that YhaV is a typical helical protein. This result shows that YhaV was properly renatured after solid-phase refolding. In contrast, PrlF showed a random coil-rich conformation. In its CD spectrum, the ellipticity at 208 nm was higher than that at 222 nm, which is indicative of low helical and high random coil contents. PrlF had an additional minimum around 200 nm, which is observed in proteins with random coil conformation (Fig. S1B,C) . Next, to evaluate the activity of purified YhaV, YhaV was incubated with MS2 phage RNA and its cleavage patterns were compared with those of MazFbs, which is known as a ribosome-independent mRNA interferase [5] . MazF-bs cleaved MS2 phage RNA from 1 min after addition, while YhaV did not cleave even after >30 min of incubation (Fig. 1A,D) . Interestingly, this result is different from a previous report, which showed YhaV alone cleaved cellular RNA of E. coli W3110 in 60 min [21] . The lack of cleavage was possibly due to the 3,569 nucleotides of MS2 phage RNA being too short to be cleaved by YhaV. In the previous report, the researchers used total RNA from E. coli [21] . Therefore, we reproduced the in vitro endoribonuclease activity assay using prokaryotic total RNA from E. coli and yeast total RNA from Kluyveromyces lactis using the same conditions as the previous report. However, YhaV still did not show endoribonuclease activity with the total RNAs even after 60 min of incubation (Fig. S2) . There are two possible explanations for this result. One is that YhaV was inactive due to activity loss during purification. The other is that ribosomes are essential for the mRNA interferase activity of YhaV. To determine the correct explanation, YhaV was incubated with MS2 phage RNA and E. coli 70S ribosome. YhaV showed endoribonuclease activity on MS2 phage RNA starting from 1 min after addition (Fig. 1B) . Additionally, MS2 phage RNA was incubated with E. coli 70S ribosome to confirm that the cleavage activity was not caused by ribosome or a contaminant in the ribosome preparation (Fig. 1C) .
To confirm the growth inhibition mechanism of YhaV in vivo, we measured DNA, RNA, and protein synthesis with or without YhaV induction by measuring incorporation of [ (Fig. S3C,D) . The results confirmed that YhaV almost completely blocked total protein synthesis within 30 min after induction, indicating that YhaV inhibits synthesis of almost all cellular proteins.
YhaV is a ribosome-dependent mRNA interferase and binds to the 50S ribosomal subunit Next, we examined if YhaV binds to ribosome subunits by using polysome profiling assay. Ribosomes were extracted from E. coli BW25113 DprlF-yhaV cells carrying pBAD24-yhaV 30 min after the induction of YhaV or without induction at three different Mg 2+ concentrations. We tested one Mg 2+ concentration (10 mM) to assess the equilibrium between association and dissociation of ribosomal subunits. For the dissociation of 70S ribosomes into 50S and 30S ribosomal subunits, 0.5 mM or 1 mM Mg 2+ was used. Extracted ribosomes were fractionated using a sucrose gradient. After the induction of YhaV expression, the peak of 30S ribosomal subunits was reduced at 10 mM Mg 2+ but no significant changes were detected in the peaks at 1 mM and 0.5 mM Mg 2+ ( Fig. 2A) , suggesting that YhaV prevents 30S ribosomal subunits from binding to the 50S subunits to form 70S ribosomes. Each fraction obtained from polysome profiling assay was analyzed by western blot assay with anti-YhaV antibody to evaluate the binding between ribosomal subunits and YhaV. YhaV was detected in the 70S ribosomes and 50S ribosomal subunits at 10 mM Mg 2+ and in the 50S ribosomal subunits at 1 and 0.5 mM Mg
2+ . These data demonstrate that YhaV binds to the 50S ribosomal subunits.
Next, we examined the effect of YhaV induction on [ 35 S]-methionine incorporation in two in vitro protein synthesis systems, consisting of prokaryotic or eukaryotic translation modules. In the prokaryotic translation system (E. coli T7 S30 extract system, Promega), CAT (chloramphenicol acetyltransferase) protein synthesis was monitored at different concentrations of YhaV and PrlF (Fig. 2B) . The control vector used in this system expresses CAT and b-lactamase proteins (Fig. 2B , open and closed arrows, respectively). YhaV at concentrations over 0.5 lM almost completely inhibited protein synthesis (Fig. 2B, lanes 4 and 5) , while the addition of PrlF to the mixture neutralized YhaV activity, and protein synthesis was recovered to almost control levels (Fig. 2B, lanes 6-9) . Next, we examined whether YhaV can also maintain its activity in the presence of eukaryotic ribosomes; for this purpose, we used the TNT T7-Coupled Reticulocyte Lysate System (Promega). The level of luciferase protein expressed from the control vector was not affected at any concentrations of YhaV (Fig. 2C) . These results show that YhaV is active in the presence of prokaryotic but not eukaryotic ribosomes.
YhaV cleaves cellular mRNAs ompF and lpp in a translation-dependent manner
To evaluate if YhaV inhibits protein synthesis by decreasing RNA stability as RelE and YoeB do [9, 14] , the stability of cellular mRNAs (ompA, ompF, and lpp) was analysed after YhaV induction (Fig. 3) . When YhaV was overexpressed alone, full-length mRNAs (without any smaller bands) were observed only at the 0-time point. Additional smaller bands started to appear from 5 min after arabinose addition in the blots for ompA and ompF RNA, and one shorter band was also detected in lpp blots. However, when YhaV was overexpressed with PrlF, the stability of cellular mRNAs was not changed. 16S and 23S rRNAs were stable at all time points. This result suggests that rRNAs are not affected by YhaV induction, possibly because ribosomal proteins protected rRNAs from the endoribonuclease activity of YhaV (Fig. 3) .
To identify the YhaV-mediated cleavage sites in the ompF and lpp mRNAs, we carried out in vivo primer extension experiments using different primers and at different time intervals (Table 1) . After the induction of YhaV, 20 cleavage sites were identified in the ompF mRNA with three primers and five cleavage sites were detected in the lpp mRNA with one primer (Fig. 4 , Table 2 ). Notably, 17 of the 20 cleavage sites were located between codons (Fig. 4A-C , open circles, Table 2 ). The other three cleavage sites were within codons, between the second and third bases (Fig. 4A -C, closed circles, Table 2 ). In primer extension assay Table 2 . Open circles indicate cleavage sites located between codons (between the third base of a codon and the first base of the following codon), closed circles indicate cleavage sites within a codon (between the second and third bases of the codon).
with a primer detecting the 5 0 -end of the lpp mRNA, all five cleavage sites were detected right after even codons from the translation initiation region (Fig. 4D) . Interestingly, most cleavages were found before or after G, A, or U bases, but not C. The band intensities of the three cleavage sites in ompF located within codons (Fig. 4A-C, closed circles) were weaker than those of cleavage sites located between codons. These weaker bands started to be detected only after 5 min after the induction of yhaV and were not yet detectable within 2 min.
Discussion
At least 36 TA systems have been identified in E. coli; among them, type II TA systems are classified into two different groups based on their ribosome dependency [2] . Previously, Schmidt and his colleagues showed that YhaV was a ribosome-independent mRNA interferase [21] , despite YhaV having high homology with ribosome-dependent mRNA interferases such as the YoeB and RelE families. However, in this study, we showed that the ribosome was essential for the endoribonuclease activity of YhaV when we perform in vitro mRNA interferase activity assays. Moreover, we found that the stability of the ompA, ompF, and lpp mRNAs was reduced within 5 min after YhaV induction, and their amounts did not change considerably for up to 60 min. This is unusual for ribosome-independent toxins like MazF-ec and MqsR. Those toxins degrade cellular mRNAs proportionally to the induction time [26, 27] . We also showed that purified YhaV retained its ability to inhibit protein synthesis in a prokaryotic cell-free system, which has the bacterial translation machinery including ribosomes. However, YhaV did not inhibit protein synthesis in a eukaryotic cell-free system, indicating that purified YhaV needs prokaryotic ribosomes for its endoribonuclease activity. The mature tRNA-binding site in ribosomes are known to be evolutionally conserved between prokaryote and eukaryote, therefore, further experiments are needed to figure out why YhaV did not inhibit protein synthesis in the eukaryotic system.
Next, we confirmed that YhaV binds to ribosomes directly and examined to which ribosomal subunits it binds using polysome profiling experiments. The induction of YhaV caused a slight, but not significant, change in the peaks of the 70S ribosomes, 50S, and 30S ribosomal subunits. We have shown that YhaV binds to the 50S and 70S ribosomes by using western blot assay with anti-YhaV antibody. When 0.5 mM or 1 mM Mg 2+ was used to dissociate 70S ribosomes into the 50S and 30S subunits, fractions containing the 50S ribosomal subunit showed YhaV bands. These results show that YhaV is a ribosome-dependent mRNA interferase and binds to the 50S ribosomal subunit. However, in the study of YeoB and HigB, results from polysome profiling assays and tertiary structure models [9, 16, 19, 20] indicated different ribosomal subunits bound by those toxins. Therefore, the tertiary structure of YhaV with ribosome and mRNA is needed to confirm the YhaV binding location to ribosome.
Lastly, we identified the target sequence of YhaV in mRNA by in vivo primer extension. Most of the cleavages took place after the third base of a codon without any sequence specificity. A few cleavage sites were located after the second base of a codon, but these bands did not appear within the first 2 min of incubation with YhaV. Longer incubation time with YhaV was necessary for cleavage at these sites. Notably, MazF from E. coli, one of ribosome-independent toxins, showed endoribonuclease activity at the 5 0 untranslated region of mRNA, while RelE homologs, a ribosomedependent toxin, did not cleave the 5 0 untranslated region of mRNAs [26, 28] . In this study, YhaV also did not show cleavage activity in the 5 0 untranslated region of lpp mRNA similar to other ribosome-dependent toxins. It should be noted that YhaV does not recognize specific mRNA sequences, and its RNA endoribonuclease activity must be associated with translation machinery, such as ribosomes in vivo.
Ribosomal subunits bound to, and sequence specificity of, known ribosome-dependent mRNA interferases vary. To date, the well-characterized ribosome-dependent toxins in E. coli are RelE, YoeB, YafQ, YafO, and HigB. RelE cleaves mRNA bound to ribosomes in the ribosomal A site in a codonspecific manner and inhibits protein synthesis [6] . YoeB and YafO bind to the 50S ribosomal subunit and 70S ribosomes and inhibit translation initiation in the ribosomal A site [9] . Notably, the peak of 70S ribosomes in the ribosome profiling assay was increased after YoeB or YafO induction [9, 12] , while YhaV induction did not induce significant changes in the peaks of 30S, 50S, and 70S ribosomes. The band intensity at three bases downstream from the translation initiation site was almost the same as the band intensity after that region when YhaV was induced in in vivo primer extension experiments, while the induction of YoeB resulted the bands only at three bases downstream from the translation start region, not after that region [9] . These results suggest that the mechanisms of mRNA cleavage activities by YhaV and YoeB differ. However, YoeB also cleaves mRNA, after the third base of a codon [10] , similar to YhaV. Interestingly, YafQ has high sequence specificity among ribosome-dependent toxins and it recognizes and cleaves mRNA at a conserved sequence (5 0 AA^A-G/A3 0 ;^: cleavage site, -: codon separator) [13] , but YhaV did not have significant sequence specificity. Recently, the X-ray crystal structure of HigB, a ribosome-dependent mRNA interferase, was determined and two solvent-exposed basic residues were found to directly interact with 30S and 16S ribosomal RNA [20] . These previous studies suggest that the mechanisms of inhibition of cell growth by ribosomedependent mRNA interferases to inhibit cell growth vary as they have different ribosome-binding partners, cleavage specificity, and cleavage regions.
Interestingly, a common feature of these toxins is that protein synthesis can be recovered when antitoxin expression blocks the activity of ribosome-dependent toxins, or when the toxin-antitoxin complex blocks transcription by binding to a palindromic sequence in the promoter region [2] . When protein synthesis is inhibited by colicins or sarcin-and ricin-like toxins, the process is irreversible because these toxins damage ribosomes [6] . However, inhibition by ribosomedependent toxins in the TA systems is reversible.
In this study, we showed that YhaV is a ribosomedependent toxin that cleaves mRNA in a translationdependent manner through binding to 70S ribosomes and 50S ribosomal subunits. Further studies will be required to determine the tertiary structure of YhaV with ribosome and its target mRNA. Such studies could help us to understand the detailed mechanism by which YhaV inhibits protein synthesis and finally inhibits cell growth.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Appendix S1. Materials and methods. Fig. S1 . Purification of PrlF and YhaV proteins. Fig. S2 . mRNA interferase activity of YhaV on E. coli total RNA and yeast total RNA. Fig. S3 . Effect of YhaV induction on DNA, RNA, and protein synthesis in vivo.
